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Historically, the ribosome has been viewed as
a complex ribozyme with constitutive rather than
regulatory capacity in mRNA translation. Here we
identify mutations of the Ribosomal Protein L38
(Rpl38) gene in mice exhibiting surprising tissue-
specific patterning defects, including pronounced
homeotic transformations of the axial skeleton. In
Rpl38 mutant embryos, global protein synthesis is
unchanged; however the translation of a select
subset of Homeobox mRNAs is perturbed. Our data
reveal that RPL38 facilitates 80S complex formation
on these mRNAs as a regulatory component of the
ribosome to confer transcript-specific translational
control. We further show that Rpl38 expression is
markedly enriched in regions of the embryo where
loss-of-function phenotypes occur. Unexpectedly,
a ribosomal protein (RP) expression screen reveals
dynamic regulation of individual RPswithin the verte-
brate embryo. Collectively, these findings suggest
that RP activity may be highly regulated to impart
a new layer of specificity in the control of gene
expression and mammalian development.
INTRODUCTION
Control of gene expression in space and time plays an important
role in enabling cells to ‘‘know’’ where they are in the developing
embryo and what to become. Decades of research has demon-
strated numerous layers of regulation, at both the transcriptional
and posttranscriptional levels, that coordinate this process. Our
current understanding of translational regulation has been
guided, to a large extent, by studies of early invertebrate devel-
opment where decisive events occur prior to the initiation of
zygotic transcription and are solely directed by translationalcontrol of pre-existing maternal mRNAs (Kuersten and Goodwin,
2003; Sonenberg and Hinnebusch, 2009; Thompson et al.,
2007). In contrast, early mammalian development relies on
almost immediate zygotic transcription, and hence the require-
ment for translational control during development and pattern
formation has been less certain.
Theeukaryotic ribosome isamolecularmachinecomposedof4
RNA molecules and 79 distinct ribosomal proteins (RPs)
(Laboratory, 2002). To date, the ribosome—although an
immensely complex and amazing machine—has largely been
thought to exert a constitutive rather than regulatory function in
translating mRNAs. This is, however, surprising given the fact
that almost every major molecular machinery involved in gene
regulation, including the splicesome (Nilsen and Graveley, 2010)
and chromatin-associated histones (Campos and Reinberg,
2009), confer more specialized functions in gene expression.
Despite the constitutive nature of the ribosome, several layers of
specificity may exist. Ribosomal RNA (rRNA) and the 79 RPs are
both extensively modified (Chow et al., 2007; Decatur and Four-
nier, 2003). Ribosome heterogeneity, including differences in RP
composition and/or modifications, has been well documented in
Dictyostelium discoideum, in which ribosomes of vegetative
amoebae differ from those of spores and cells at different stages
of development (Ramagopal, 1992). Unexpectedly,modifications
in rRNA confer more specialized functions in internal ribosome
entry site (IRES)-dependent translation control, and defects in
this process underlie the human X-linkedDyskeratosisCongenita
syndrome (Bellodi et al., 2010a, 2010b; Yoon et al., 2006). In addi-
tion, Saccharomyces cerevisiae contain many duplicated genes
encoding RPs, and these RP paralogs appear to be functionally
distinct (Komili et al., 2007). Moreover, unexpected tissue-
specific phenotypes are associated with RP loss of function in
many organisms. For example, inArabidopsis thaliana, mutations
in RPs perturb various developmental processes (Byrne, 2009). In
zebrafish, knockdownormutationofmultipledistinctRPs leads to
a remarkable range of phenotypes associated with specific
defects in brain, body trunk, eye, and ear development and an
increase in the incidence of peripheral nervous system tumorsCell 145, 383–397, April 29, 2011 ª2011 Elsevier Inc. 383
(Amsterdam et al., 2004; Uechi et al., 2006). In all of these cases,
the mechanism(s) that would account for these specific pheno-
types remains poorly understood or has been attributed to extra-
ribosomal protein functions, such as activation of p53 (Warner
and McIntosh, 2009). One important consideration is whether
these phenotypes could be attributed to inherent differences in
the rate of protein synthesis in one cell type or tissue versus
another. For example, highly proliferating tissues may be more
sensitive to changes in protein synthesis, and when these
thresholds are lowered, indirect effects on cell proliferation or
programmed cell death maymanifest as tissue-specific morpho-
logical abnormalities. It has therefore remained ambiguous
whether these morphological abnormalities reflect a direct role
for RPs in control of embryonic development.
In the present study, we unexpectedly show that a compo-
nent of the ribosome is required to establish the mammalian
body plan. Our data reveal that the phenotypes associated
with Rpl38 loss of function, in particular homeotic transforma-
tions (i.e., the replacement of one skeletal structure with
another), are consistent with a very specific and regulatory
role for ribosomes during tissue patterning. Indeed, by opti-
mizing genetic and molecular approaches to study translational
regulation within the vertebrate embryo, we uncover an impor-
tant role for RPL38 in transcript-specific translational control.
Moreover, our data reveal surprising heterogeneity in expres-
sion profiles between individual RPs in a cell type- and
tissue-specific manner. These findings highlight an unexpected
role for RPs as regulators of key patterning events during
embryonic development and strongly suggest that RPs may
be highly regulated to impart a new level of specificity in control
of gene expression.
RESULTS
The Rpl38 Gene Is Mutated in Ts, Tss, and Rbt Mice
Tail short (Ts) is a spontaneous, dominant mouse mutation
discovered 60 years ago that exhibits pronounced skeletal
patterning defects, including homeotic transformations, for
which the causative mutation is unknown (Deol, 1961; Morgan,
1950). The name reflects the most obvious phenotype present
in Ts/+ mice, a shorter and kinky tail that is associated with
more pronounced skeletal patterning defects (Deol, 1961;
Morgan, 1950). Two additional mouse mutants, Tail-short
Shionogi (Tss) (Tsukahara et al., 2000) and Rabo torcido (Rbt)
(Hustert et al., 1996), display virtually identical phenotypes to
Ts and map to the distal part of chromosome 11 where the Ts
locus is found. Homozygote Ts mutants are morphologically
abnormal at the morula stage and die around the time of implan-
tation (our unpublished observations). In the present study we
backcrossed the Ts allele onto a C57BL/6J background. Ts/+
embryos display an abnormally short and kinky tail by embryonic
day (E) 12.5 (Figure 1A), a midline facial cleft (Figure 1A) and/or
cleft palate (22%) (data not shown), as well as exencephaly
that can be accompanied by a wavy neural tube (30%) (Fig-
ure 4B, and Figure S3 available online, and data not shown).
Ts/+ embryos also have various eye abnormalities, including
failure in optic fissure closure as well as microphthalmy (small
eye size) (Figure 1A and data not shown). The most pronounced384 Cell 145, 383–397, April 29, 2011 ª2011 Elsevier Inc.phenotypes observed in Ts/+ embryos are axial skeletal
patterning defects (Figure 1B and Figure 2). For example, Ts/+
mice show the presence of 14 instead of 13 ribs (Figure 1B),
strongly suggesting that the first lumbar vertebra that normally
does not possess a rib anlage is now transformed anteriorly
into a thoracic vertebra. Although this phenotype was noted in
the original description of Ts/+ mutant mice in 1950, it was not
interpreted as a homeotic transformation at that time (Deol,
1961; Morgan, 1950). Our complete analysis of skeletal
patterning in Ts/+ mice reveals pronounced patterning defects
as well as anterior-posterior (A-P) directed homeotic transforma-
tions along the entire axial skeleton (Figure 2). Therefore, the
gene mutated in Ts is an important regulator of A-P skeletal
patterning.
To characterize the genetic defect responsible for the Ts
phenotype, we positionally cloned the responsible gene (Fig-
ure S1A) and disclosed an 18 kb deletion in Rpl38 encompass-
ing all exons of the gene in Ts/+ mice (Figure 1C, Figures S1B
and S1C). Direct sequencing of Rpl38 in Tss/+ and Rbt/+ mice
also identified mutations. In Tss/+ mice, a deletion of a single
base is present within exon 3. This results in a frameshift after
codon four that is followed by a stop codon, which disrupts
the production of RPL38 protein (Figure 1E and Figure S1D). In
Rbt/+ mice, an insertion of the dinucleotide AG precedes the
first codon in exon 3. This insertion results in a change of the
acceptor splice site, leading to a frameshift mutation with
a very short theoretical translation product (12 amino acids)
and a stop codon (Figure 1E). To further ensure that deletion
of the Rpl38 gene indeed causes the Ts phenotype, we gener-
ated pCAGGS-Rpl38 transgenic mice and found that the
majority of Ts phenotypes, including homeotic transformations,
were no longer manifest in Ts/+; pCAGGS-Rpl38 mice (Fig-
ure 1D, Figure S1E). Importantly, Rpl38 expression is reduced
by approximately 50% in Rbt/+, Tss/+, and Ts/+mice (Figure 1F
and Figure S1F) and is rescued to normal levels in Ts/+;
pCAGGS-Rpl38 mice (Figure S1F). All of these results confirm
that the phenotypes observed in Ts/+ mice are a direct conse-
quence of the deletion in the Rpl38 gene.
RPL38 Regulates Axial Skeletal Patterning
Independently from Control of Hox Gene Expression
Boundaries and Transcript Levels
The vertebrate skeleton is built on an intricate pattern of stereo-
typed anatomical elements, the vertebrae, which on the basis of
their relative position along the A-P axis in the developing
embryo have distinct anatomical features (Iimura et al., 2009).
The relative number and arrangement of these vertebrae types
collectively give rise to the mammalian body plan (Burke et al.,
1995). Vertebrae are grouped into five distinct types: cervical,
thoracic, lumbar, sacral, and caudal that extend from A-P along
the body axis. Skeletal patterning defects, including homeotic
transformations, are present along the entire A-P axis of Ts/+
mice (Figure 2). Notable examples include transformations in
the cervical region. In wild-type (WT) mice, the 6th cervical
vertebra (C6) is readily distinguishable by the presence of
a ventral process known as the anterior tuberculum, but in
Ts/+ embryos it can be found on the 5th cervical vertebra (C5)
(Figures 2A and 2B), illustrating a posterior transformation of
Figure 1. The Rpl38 Gene Is Mutated in Ts, Tss, and Rbt Mice
(A) Ts/+ embryos show amidline facial cleft (black dotted line) and eye defects such as a failure in optic fissure closure (black arrow) at E13.5. Ts/+ embryos have
an abnormally short and kinky tail (white arrow) by E12.5.
(B) An example of the axial skeletal patterning defects in Ts/+ embryos at E18.5. Note the presence of 14 (red circle) instead of 13 ribs in Ts/+ embryos, indicating
that the first lumbar vertebra that normally does not possess a rib anlage is now transformed anteriorly into a thoracic vertebra. The rib cage has been removed in
these photographs.
(C) The exon-intron organization of the Rpl38 gene. The region deleted in the Tsmutation is illustrated on the genome structure. The coding region of the Rpl38
gene is shadowed. The initiation codon ATG for the first methionine is located at the end of exon 2. PCR and Southern blot analysis of the Rpl38 locus in Tsmice
with the indicated primers (Sp102 and Sp99) and probes (probe 1 and exon 4) are shown in Figure S1B.
(D) Rescue of Ts skeletal phenotypes in Ts/+; pCAGGS-Rpl38 mice.
(E)Rpl38mutations inRbt and Tss. In exon 3 of Tss, a deletion of a base A in exon 3 (arrowhead).Rbt has a C to G transversion mutation at intron 2 adjacent to the
acceptor splice site near exon 3 (arrowhead).
(F) In Ts/+ Tss/+, Rbt/+ mice the expression of Rpl38 mRNA is reduced to almost half that of wild-type levels.
See also Figure S1.the C5 vertebra toward the identity of C6. Furthermore, a rib
anlage is not normally present on cervical vertebrae. However,
in Ts/+ embryos, a minute or extensive rib anlage can developon one or both processus transversus of C6 or C7, indicating
a partial posterior transformation (Figures 2C and 2D). In the





Figure 2. Homeotic Transformations and Skeletal
Patterning Defects in Ts/+ Embryos
(A and B) Alizarin red and Alcian blue staining of WT and Ts/+
skeletons at E18.5. The frequency of patterning defects is
presented in the table on the right (note that not all of these
phenotypes are shown). Lateral view of the cervical (C) and
upper thoracic (T) regions is shown. In Ts/+ embryos the
anterior tuberculum (AT), normally a feature of C6, is instead
present on C5. The star indicates an ectopic, partially formed
rib on C6 in Ts/+ embryos. The black arrow indicates the
presence of ribs (R) on the first thoracic vertebrae in WT
embryos that is a feature of C7 in Ts/+ embryos. Fusions
between cervical vertebrae in Ts/+ embryos (white arrow) are
shown.
(C andD) Ventral viewof the thorax reveals that inTs/+ embryos
there are eight pairs of vertebrosternal ribs instead of seven
attached to the sternum (yellow arrowheads). The attachment
site of ribs to the sternum is asymmetric in Ts/+ embryos re-
sulting in a crankshaft sternum.
(E and F) In the lumbar region, an extra pair of ribs (black
asterisks) is present on the first lumbar vertebrae in Ts/+
embryos. A normal number of lumbar segments in Ts/+
embryos suggest that a partial transformation of S1 into
a lumbar identity (S1*) has occurred.
(G andH)Sacral vertebrae inWT (G) andTs/+ (H). InWTembryos,
the first three sacral vertebrae are fused to make the sacral bone
(SB), whereas in Ts/+ embryos, the fourth and sometimes fifth
sacral vertebrae are fused (red arrowheads).
See also Figure S2.vertebrosternal ribs (ribs attached to the sternum), and
frequently their attachment is asymmetric resulting in a crank-
shaft sternum (Figures 2C and 2D). The fact that 14 instead of
13 ribs are associated with vertebrae in Ts/+ mice (Figure 1B)
indicates that the first lumbar vertebra (L1) is transformed ante-
riorily and acquires a thoracic identity (Figures 2E and 2F). In
the sacral region, normally three or four sacral vertebrae
contribute to form the sacral bone, whereas in Ts/+ embryos at
least four or even five transverse processes fuse, and these alter-
ations illustrate additional anterior transformations (Figures 2G
and 2H). Additional abnormalities in the axial skeleton are
observed to a variable extent and include fusions of vertebrae
and/or laminae, splitting along neural arches (most predomi-
nately in the cervical region) as well as ectopic points of ossifica-
tion between cervical vertebrae (Figure 2 and data not shown).
Therefore, the analysis of Ts/+ mice identifies RPL38 as an
important regulator of axial skeletal patterning.
Mammals have 39 Hox genes that are clustered on four chro-
mosomes (Kmita and Duboule, 2003). Targeted loss- and gain-
of-function analyses in the mouse have clearly demonstrated386 Cell 145, 383–397, April 29, 2011 ª2011 Elsevier Inc.that Hox genes are the key regulators of
morphology along the axial skeleton (Pourquie´,
2009; Deschamps and van Nes, 2005; Wellik,
2009). Surprisingly, a careful analysis of Hox gene
expression boundaries and transcript levels
(Figures S2A and S2B and data not shown) re-
vealed that they remain unchanged in Ts/+
embryos. A notable exception is the increase in
Hoxb4 and Hoxd4 transcript levels in Ts/+ embryos
(Figure S2B), and these results will be discussed inthe context of posttranscriptional analysis of Hox gene expres-
sion (see below and Figure 3). Together, these findings show
that Rpl38 is a critical regulator of skeletal patterning, and the
phenotypes observed in Ts/+ mice are unlikely to be the result
of shifts in Hox gene expression boundaries and/or transcript
levels.
Polysome Profiling Reveals a Subset of Hox mRNAs that
Are Translationally Regulated byRPL38,whereasGlobal
Protein Synthesis Is Unaffected in Ts/+ Embryos
We next asked whether changes in translational control
underlie the skeletal patterning defects observed in Ts/+
mice. Historically, it has been difficult to systematically assess
translational control of gene expression directly within a devel-
oping vertebrate embryo. To overcome these limitations, we
optimized unique approaches. To directly monitor global
protein synthesis in vivo, we employed a bioluminescent
‘‘translation reporter mouse (CMV-HCV-IREST)’’ that expresses
a stable, genetically encoded translational reporter for cap
(Rluc) and IRES-dependent translation (Fluc) (Figure 3A). We
simultaneously microdissected the neural tube and somites
(the precursors of vertebrae) from somite stage 40 CMV-
HCV-IREST and Ts/+; CMV-HCV-IREST embryos and
measured Rluc and Fluc activity. This analysis revealed no
major differences in general cap-dependent or IRES-depen-
dent translational control in Ts/+ embryonic tissues (Figure 3A).
We also confirmed that there is no change in global protein
synthesis in Ts/+ embryos by [S35] methionine incorporation
(Figures S3G and S3H) and direct immunostaining with the
Y10b antibody, which labels rRNA (Figures S3A–S3F).
Together, these findings demonstrate that changes in global
protein synthesis are not observed in somites and neural tube
of Ts/+ embryos, where patterning defects are manifest (Fig-
ure 2 and Figure 5).
The relative translation rate of an mRNA can be inferred from
the number of ribosomes (polysomes) it recruits and can be
quantitatively analyzed by employing sucrose gradients to
purify mRNAs associated with translationally active ribosomes
(Rousseau et al., 1996; Sagliocco et al., 1996). Several limita-
tions exist to performing polysome analysis from vertebrate
embryonic tissues, including the small size of midgestation
embryos and the limiting number of cells that can be obtained
from microdissected tissue fragments. To investigate whether
qualitative changes in mRNA translation may underlie the skel-
etal patterning defects observed in Ts/+ embryos, we opti-
mized microscale polysome analysis (see Experimental Proce-
dures and Figures S3I–S3K). This approach enabled us to
detect and collect polysome fractions employing small tissue
fragments. We simultaneously microdissected the neural tube
and somites from somite stage 40 (E11.0) WT and Ts/+
embryos for this analysis (Figure 3B). This microdissection
strategy ensured that all A-P somites and the entire rostral-
caudal extent of the neural tube were collected from each
embryo in an identical and precise manner. We did not detect
noticeable differences in the ratio of small to large ribosome
subunits or polysome distribution comparing WT and Ts/+ ribo-
some profiles, in agreement with the fact that general protein
synthesis is not impaired in Ts/+ samples (Figure 3B). We
next optimized qPCR primers (Table S1) for all genes that
belong to the HoxA, B, C, and D clusters and assayed their
translational states in WT and Ts/+ embryos by detecting their
mRNA distribution in polysome fractions (Figure 3C and data
not shown). Consistent with the fact that general protein
synthesis is not perturbed in Ts/+ tissue samples, the majority
of Hox genes (a total of 31) did not show any difference in poly-
some association (Figure 3C and data not shown). Strikingly,
however, we identified a specific subset of Hox genes
(Hoxa4; a5; a9; a11; b3; b13; c8; d10) that are markedly
decreased in polysome association in Ts/+ embryos compared
to WT (Figure 3C), and this defect is evident in both heavy and
light polysomes. Interestingly, the Hox genes found translation-
ally deregulated in Ts/+ embryos include members from each
of the four Hox gene clusters (Figure 3C). Moreover, the
decreases in Hoxa4 mRNA polysome association in Ts/+
embryos are consistent with the observed increases in Hoxd4
and Hoxb4 transcript levels (Figure S2B), as Hox4 family
members have been shown to cross-regulate their expression
levels (Zappavigna et al., 1991).We next carried out additional experiments to characterize the
translational impairment in Hox gene expression in Ts/+ embryos
(Figure 4). Consistent with our polysome analysis (Figure 3C), we
observed diminished HOXA5 protein levels in Ts/+ embryos
compared to WT (Figure 4C), whereas no differences were
observed in Hoxa5 mRNA levels or expression boundaries
(Figures 4A and 4B). Similar reductions in HOXA5 protein levels
were found in both the neural tube and somites (Figure 4D).
Moreover, quantitative HOXA5 immunofluoresence revealed
markedly diminished expression along the entire A-P extent
of Ts/+ embryos compared to WT (Figures 4E and 4F). The
systematic analysis of additional Hox family members, such as
Hoxa11 and Hoxb13, similarly revealed marked decreases in
protein levels, whereas no changes in mRNA expression levels
or boundaries are evident in Ts/+ embryos (Figures 4G–4L).
Moreover, mRNAs that showed no change in polysome associ-
ation in Ts/+ embryos, such as Hoxc4, showed no change in
expression (Figures 4M–4O). Importantly, the polysome analysis
and molecular characterization of Hox gene expression were
carried out at somite stage 40, a stage much earlier than when
morphological defects are evident in Ts/+ embryos. Therefore
the molecular defects in translational control of a subset of
Hox genes precede the developmental defect in axial skeletal
patterning. Moreover, the protein expression levels of Hox genes
regulated by RPL38 are restored to normal levels in Ts/+;
pCAGGS-Rpl38 embryos (Figure S4A), consistent with the
rescue in skeletal patterning defects (Figure S1E). In agreement
with the direct role of RPL38 in translational control of Hox
mRNAs, we observed a similar decrease in Hox protein levels
upon stable knockdown of RPL38 in C3H/10T1/2 cells, a
multipotent mesenchymal stem cell line that is representative
of the mesoderm/somite fate (Pinney and Emerson, 1989) (Fig-
ure S4B). Importantly, HoxmRNA levels (Figure S4B) and protein
stability (data not shown) are unperturbed upon RPL38 knock-
down. In addition, we find that Hox mRNAs translationally
deregulated in Ts/+ embryos can be efficiently translated in an
in vitro translation system (Figure S4C), revealing that the molec-
ular defect cannot be at the level of the Hox transcripts
themselves. Together, these findings show that RPL38 exerts
a specialized function in translational control of a subset of
Hox mRNAs.
A Series of Mouse RP Deficiencies Do Not Show Ts/+
Phenotypes or Changes in Hox mRNA Translation, even
when Global Protein Synthesis Is Markedly Reduced
We characterized five additional mouse mutants (Kirn-Safran
et al., 2007; McGowan et al., 2008; Oliver et al., 2004) with
specific RP deficiencies (Rps19DSK3/+, Rps20Dsk4/+, Rpl29+/,
Rpl29/, Rpl24BST/+) and found that they produce either no
decrease, a small change (i.e., 10%), or up to an 35%
decrease in global protein synthesis in exactly the same cell/
tissue types—neural tube and somites—that have been
analyzed in Ts/+ embryos (Figure 4P and Figure S4D). In all of
these RP deficiencies, including Rpl29/ and Rpl24BST/+
embryos that possess a very significant (30% or greater)
decrease in global protein synthesis, no differences in the
expression of Hox proteins are evident (Figure 4Q). This is
consistent with the fact that none of these additional RPCell 145, 383–397, April 29, 2011 ª2011 Elsevier Inc. 387
Figure 3. Analysis of Global Protein Synthesis Rates and Polysome Profiling within the Neural Tube and Somites of WT and Ts/+ Embryos
(A) Transgenic mice expressing a stable, genetically encoded translational reporter for cap- and IRES-dependent translation (CMV-HCV-IREST) were inter-
crossed with Ts/+ mice. No changes in CAP- or IRES-dependent translation are evident within the neural tube and somites of Ts/+ embryos compared to WT.
(B) Overlay of polysome profiles from WT (red solid line) and Ts/+ (blue dotted line) somite stage 40 embryos (E11.0). Schematic of microdissection strategy is
shown (insert). Neural tube (gray) and somites (orange) were simultaneously microdissected as illustrated (red dashed line).
(C) qPCR analysis of 8/39 Hox mRNAs that show differential association in polysome fractions (fraction numbers are depicted on the bottom of the graph) in Ts/+
tissue fragments, (n = 5) for each genotype. The bottom two graphs are representative examples of 2/31 Hox mRNAs that do not show changes in polysome










Figure 4. Analysis of Hox Gene mRNA Expression Levels, Boundaries, and Protein Levels in WT and Ts/+ Embryos Compared to Additional
RP Mouse Deficiencies
(A–O) Somite stage 40 (E11.0) WT and Ts/+ embryos were analyzed. Unless specified, all experiments have been performed utilizing the microdissected neural
tube and somite tissue fragment, western blot (WB), whole-mount in situ hybridization (WISH). (A)Hoxa5 qPCR. (B)Hoxa5WISH showing the anterior boundary of
expression. (C) HOXA5 WB. (D) HOXA5 WB in microdissected neural tube (NT) or somites (S). (E) HOXA5 immunofluoresence (gray scale) of WT and Ts/+
transverse tissue sections at the forelimb level. Neural tube (top panel) and somite (bottom panel) expression is shown from serial sections of the same embryo
(103). Dorsal root ganglion (drg). Quantification of mean fluorescence intensity is shown in the graphs to the right. (F) Quantification of florescence intensities of
HOXA5 within individual cells (ticks on the x axis) of the NT. (G)Hoxa11 qPCR. (H)Hoxa11WISH showing the anterior boundary of expression. (I) HOXA11WB. (J)
Hoxb13 qPCR. (K) Hoxb13 WISH. (L) HOXB13 WB. (M) Hoxc4 qPCR. (N) Hoxc4 WISH showing the anterior boundary of expression. (O) HOXC4 WB.
(P) Relative [S35] methionine incorporation to monitor the rates of de novo protein synthesis in the neural tube and somites of stage 40 embryos with distinct RP
deficiencies (see also Figure S4D). The graph shows quantification in n = 3 embryos, *p = 0.04, **p = 0.007, ***p = 0.03 (Student’s t test), not significant (n.s.).
(Q) HOXA5 WB, a target mRNA translationally deregulated in Ts/+ embryos (see C and D), reveals no change in expression levels in other RP deficiencies.
Data are presented as the average ± SEM. See also Figure S4.deficiencies (Kirn-Safran et al., 2007; McGowan et al., 2008;
Oliver et al., 2004) produce the same tissue-patterning pheno-
types as in Ts/+ embryos (our unpublished observations). There-
fore, these findings strongly support that RPL38 exerts a special-
ized function in translational control that is distinct from other
components of the translational apparatus.association in Ts/+ tissue fragments. p values (Student’s t test) for each polysome
mean (SEM).
See also Figure S3.Tissue-Patterning Defects in Ts/+ Embryos Are
Phenocopied by the Loss of Function of Specific Hox
mRNAs Translationally Regulated by RPL38
Wenext systematically compared the axial skeletal phenotypes of
Ts/+ mice to those associated with loss of function of each of the
Hox genes translationally regulated by RPL38. Strikingly, thefraction are shown. Data are presented as the average ± standard error of the
Cell 145, 383–397, April 29, 2011 ª2011 Elsevier Inc. 389
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Figure 5. Comparison of the Ts/+ Axial
Skeletal and Neural Tube-Patterning
Defects with Hox Loss-of-Function Mutants
(A) Schematic representation of the axial skeleton
of WT and Ts/+ mice. Illustrated in red are trans-
formations or patterning defects frequently
observed in Ts/+ mice. The red shadow outlining
the sternum indicates abnormal rib to sternum
attachment in Ts/+ mice. Corresponding Hox
mutants that show similar phenotypes are listed in
boxes to the right of the Ts/+ axial skeleton sche-
matic representation: Hoxc8 enhancer element
knockout (Hoxc8EE) (Juan and Ruddle, 2003),
Hoxa5 knockout (Hoxa5) (Jeannotte et al., 1993),
Hoxa4 knockout (Hoxa4) (Horan et al., 1994),
Hoxc8 knockout (Hoxc8) (Le Mouellic et al., 1992),
Hoxa9 knockout (Hoxa9) (Fromental-Ramain et al.,
1996), Hoxd10 knockout (Hoxd10) (Carpenter
et al., 1997),Hoxa11 knockout (Hoxa11) (Small and
Potter, 1993). See also Figure 2.
(B)Analysis ofPea3expressionat thebranchial level
(BL) of the neural tube in serial transverse sections
(BL1–BL4; caudal to rostral) at somite stage 40. The
bottom sections show the ventral left quadrant of
the neural tube that is outlined with a dashed white
line. The graph shows quantification of Pea3+ LMC
motor neurons (MNs) from n = 7 WT and Ts/+
embryos, and p values (Student’s t test) are indi-
cated. Data are presented as the average ± SEM.
(C) Islet 1 expression at the branchial level (BL). The
bottom sections show the ventral left quadrant of
the neural tube that is outlined with a dashed white
line. No differences in Islet 1 expression are
observed in Ts/+ embryos.
See also Figure S5.majority of Ts/+ axial skeletal phenotypes can be fully accounted
for by the combinatorial loss in expression of these specific Hox
genes (Figure 5A). Moreover, many of the skeletal phenotypes
manifest in Hox mutant mice occur in heterozygosity (Figure 5A),
which indicates that maintenance of accurate Hox protein levels
is critically required for accurate axial skeletal patterning. In
addition, loss of some RPs triggers a p53-dependent stress
response, which may account for certain morphological
abnormalities (McGowan et al., 2008). Importantly, however, the
axial skeletal patterning defects observed in Ts/+ mice (Fig-
ure 2) remain unchanged when the dose of p53 is reduced
(Figure S5A).
We also further investigated whether the reductions in Hox
protein expression within the neural tube of Ts/+ embryos390 Cell 145, 383–397, April 29, 2011 ª2011 Elsevier Inc.(Figure 4) are associated with neural
patterning defects. Whereas Sonic
hedgehog (Shh) specifically directs
patterning of the ventral neural tube
(Jacob and Briscoe, 2003), Hox genes
control motor neuron fates along the ros-
trocaudal axis, in particular the specifica-
tion of columnar and pool subtypes
(Dasen and Jessell, 2009). A number of
Hox genes, such as Hoxc8, specifically
control the expression of motor poolmarkers such as Pea3, an ETS-class transcription factor (Dasen
et al., 2005). In Ts/+ embryos, no changes are evident in dorsal-
ventral (D-V) patterning markers regulated by Shh (Figure S5B).
However (Figure 3C), we observed a specific decrease in
Pea3+ MNs within the brachial LMC of Ts/+ embryos (Figure 5B),
whereas MN differentiation appears unaffected (Figure 5C).
Altogether, these findings strongly suggest that the specific
changes in MN markers (i.e., Pea3 but not D-V patterning
markers regulated by Shh) manifest in Ts/+ embryos phenocopy
specific molecular changes associated with Hox loss of function
in the neural tube.
Although RPL38 may regulate the translation of additional
target mRNAs, this comparison strongly suggests that the axial
skeletal and neural tube patterning phenotypes observed in
Ts/+ mice are, to a large extent, the consequence of diminished
protein levels of a specific subset of Hox genes. Moreover, these
findings reveal new complexity in regulation of Hox gene expres-
sion at the level of translational control.
RPL38 Exerts Specialized Control of Translation
through Its Association with the Ribosome and
Regulates 80S-mRNA Complex Formation on Specific
Hox mRNAs
In order to delineate the molecular step at which RPL38 affects
translation, we next performed sucrose gradient fractionation
experiments in which we examined the abundance of Hox
mRNAs in earlier, nonpolysomal fractions comparing WT and
Ts/+ samples. A specific and dramatic decrease in 80S-mRNA
complex formation is observed on selective Hox mRNAs in
Ts/+ samples (Figure 6A). Moreover, consistent with our poly-
some analysis (Figure 3C), only Hox mRNAs that show
decreased polysome association in Ts/+ embryos are affected
(Figure 6B). In certain cases, the decrease in 80S-mRNA
complex formation was accompanied by a corresponding
increase in mRNA accumulation in early nonribosomal fractions
that likely reflects an accumulation of mRNA not bound by ribo-
somal subunits (Figure S6A). Therefore, these findings show an
important role for RPL38 in facilitating 80S complex formation
on specific mRNAs at the earliest stages of translation initiation.
An important question raised from these studies is whether
RPL38 regulates 80S complex formation on Hox mRNAs as
part of the ribosome or whether it may have an extraribosomal
function (Figure 6C). For example, the regulated release of
RPL13a from the large ribosomal subunit and its subsequent
binding to the 30 untranslated region (UTR) of a subset of mRNAs
have been shown to mediate translational control (Mazumder
et al., 2003). To investigate whether RPL38 may exist in a cyto-
solic, nonribosomal form we performed ribosome sucrose
cushion experiments in which ribosomal complexes are sepa-
rated from the ribosome-free cytosol. This analysis revealed
that RPL38 is exclusively found in the ribosome fraction in vivo
within the neural tube/somites of embryos, in stem cells reflec-
tive of either neural tissue or mesoderm alone (Figure 6D), as
well as in embryonic stem cells where Hox gene expression is
temporally activated by retinoic acid treatment (Figure 6E and
Figure S6B) (Simeone et al., 1990, 1991). This localization is
similar to other RPs, such as RPL4. On the contrary, RPL5, which
has previously been shown to have extraribosomal functions
(Zhang et al., 2006), is localized to both ribosomal and ribo-
some-free cytosolic fractions (Figure 6D). Linear sucrose
gradient fractionation that allows for better separation of ribo-
somal subunits from monosomes and polysomes also revealed
that RPL38 is exclusively localized to fractions containing the
60S, 80S, and polysomes in vivo within the neural tube and
somites of embryos (Figure 6F).
Treatment of cells with Puromycin specifically releases
nascent polypeptides from ribosomes and dissociates ribo-
somes into individual subunits (Blobel and Sabatini, 1971). If
RPL38 existed in a nonribosomal complex, we might expect to
see localization in either different or additional fractions under
these conditions. As shown in Figure 6G, RPL38 is exclusively
found in the 60S fractions, and it is localized in an identicalfashion to another representative large RP. Taken together,
these findings strongly suggest that RPL38 selectively controls
translation of specific Hox mRNAs as a component of the
ribosome by facilitating 80S complex formation. This is also
consistent with recent eukaryotic 80S cryo-electron microscopy
(cryo-EM) studies that have localized RPL38 to a highly dynamic
region of the ribosome (see Discussion).
A Quantitative Gene Expression Screen for the Majority
of RPs Reveals Distinct Profiles of Expression in the
Vertebrate Embryo
RPs are considered to be abundantly expressed, ubiquitous
proteins. However, the tissue-specific patterning defects
observed in Ts/+ mice prompted us to examine Rpl38 expres-
sion during embryonic development. Unexpectedly, we
observed a very marked enrichment of Rpl38 transcripts in
specific tissues (Figures 7A–7C) where phenotypes are observed
in Ts/+ embryos (Figure 1 and Figure 2). For example, Rpl38
expression is enriched in the maxillary arch, mandibular compo-
nent of the first branchial arch, and the frontonasal process
(Figure 7A and not shown). The maxillary prominences grow
and fuse with the frontonasal processes, giving rise to the upper
lip and primary palate where cleft palate defects are observed in
Ts/+ embryos (Figure 1A). Rpl38 is also highly expressed in the
neural retina of the eye (Figure 7A), where eye defects are
observed in Ts/+ embryos (Figure 1A). Most importantly, consis-
tent with the axial skeletal patterning defects observed in Ts/+
embryos, Rpl38 expression is substantially enriched within
developing somites, the vertebrae precursors (Figures 7B).
Rpl38 expression is coincident with somite formation (not
shown) and is evident along the entire A-P axis during all stages
of somitogenesis (Figure 7B). During somite differentiation,
Rpl38 expression is evident in the sclerotome (mesenchymal
cells that will become vertebral cartilage), dermamyotome
(mesenchymal cells that will become dermis), and myotome
(muscle cell precursors), although Rpl38 expression is substan-
tially reduced in the dorsal most region of the dermamyotome
(not shown). In addition, Rpl38 expression is also very robust
within the neural tube (Figure 7C), and enriched expression is
evident in the ventricular zone and most notably within the
LMC where many Hox genes are expressed (Figure 7C). By per-
forming Rpl38 in situ hybridization on serial sections that were
also stained for HOXA5, a target Hox mRNA translationally regu-
lated by RPL38, we observed striking overlap in expression
within the LMC (Figure 7C). Therefore, Rpl38 expression is en-
riched in specific tissues such as the developing eye, face,
neural tube, and somites where tissue-patterning defects are
observed in Ts/+ embryos. However, the expression of Rpl38
does not always fully dictate where loss-of-function phenotypes
will occur. For example, Rpl38 is also enriched in the kidney
where no apparent phenotypes are observed in Ts/+ embryos
(data not shown).
We next addressed whether other RPs belonging to the large
and small ribosome subunit may display heterogeneous expres-
sion during organogenesis. To this end, we carried out a quanti-
tative gene expression-profiling screen of 72 RPs (Table S2) that
were hierarchically clustered based on their expression levels in





Figure 6. RPL38 Controls 80S Complex Formation on Selective Hox mRNAs from the Ribosome
(A and B) 80S monosome–mRNA complex formation assessed in vivo in microdissected neural tube and somites from somite stage 40 WT and Ts/+ embryos,
n = 5. qPCR analysis of Hox mRNAs from fractions 7–8 of sucrose gradients, corresponding to the 80S monosome, shows diminished complex formation on
specific Hox mRNAs found to be decreased at the translation level in Ts/+ embryos (A) but not others (B). p values (Student’s t test) are shown.
(C) Two representative models for control of 80S complex formation by RPL38, on or off the ribosome.
(D and E) Neural stem cells, themurine embryonic mesenchymal cell line C3H/10T1/2 (10T1/2), microdissected neural tube and somites from E11.5 embryos, and
embryonic stem cell lines treated with retinoic acid for the indicated amount of time (hours) were fractioned on a sucrose cushion to separate the ribosomal
fraction from ribosome-free cytosol, and both fractions were subject to immunoblot analysis.
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we observed tremendous heterogeneity in RP expression
among different RPs and within different tissues over a 250-
fold range, expressed in log2 space (Figure 7D and Table S3).
This heterogeneity was also observed in expression levels of
RP paralogs that share high sequence homology. A notable
exception is Rpl10 and Rpl10a that form a primary cluster based
on expression. In addition, more general patterns emerged such
as the enriched expression of the majority of RPs in embryonic
stems cells compared to more differentiated cell types, such
as murine embryonic fibroblasts. The heterogeneity in expres-
sion profiles of RPs, including RPL38, suggests that RPs in
different regions of the embryo are highly regulated and may
exert more specialized functions. Collectively these results
provide a comprehensive gene expression map of RPs during
embryonic development and reveal unexpected differences in
the expression levels of ribosome components.
DISCUSSION
Here we show a surprising role of the ribosome in vertebrate
tissue patterning and control of gene expression. At the molec-
ular level, we uncover an important function for RPL38 in trans-
lational control of a subset of Hox genes that underlies Ts/+
tissue-patterning defects. An elaborate set of regulatory mecha-
nisms are responsible for the spatial and temporal expression of
all 39 HoxA, B, C, and D genes imposed by their tandem locali-
zation on four chromosomal clusters (Deschamps and van Nes,
2005; Kmita and Duboule, 2003). As these Hox expression
boundaries are established very early in embryonic develop-
ment, as a consequence of colinear transcriptional activation,
translational control may provide an important means to main-
tain and refine these patterns of expression over time. Indeed,
the distribution of certain Hox transcripts and proteins appears
to be distinct (Brend et al., 2003; Dasen et al., 2003), and accu-
mulating evidence exists for posttranscriptional silencing by
microRNAs (Yekta et al., 2008). Our present study demonstrates
a critical role for translational control of Hox gene expression that
is required to establish the mammalian body plan and is regu-
lated by RPL38 activity.
RPs are generally considered to be abundant, ubiquitously ex-
pressed proteins. Unexpectedly, our data reveal that Rpl38
transcripts are markedly enriched in a tissue-specific manner,
with a striking overlap between Rpl38 expression and regions of
the embryo where Ts/+ phenotypes are observed (Figures 7A–
7C). Moreover, a quantitative expression-profiling screen reveals
that RP expression is dynamically regulated during embryonic
development (Figure 7D). The complexity and magnitude of the
overall heterogeneity in RP expression profiles (Figure 7D)
suggest specialized functions for individual RPs. For some RPs,
dramatic differences in expression levelsmay reflect extrariboso-
mal functions (Warner and McIntosh, 2009). However, for other(F andG) Sucrose gradient fractionation of neural tube and somites from E11.0 em
RPs. Note that Rpl38 is only present in fractions containing the 60S, 80S, and poly
polypeptides from ribosomes and dissociates ribosomal subunits, RPL38 is only
another RP belonging to the large subunit.
Data are presented as the average ± SEM. See also Figure S6.RPs such as Rpl38, these expression patterns may indicate
a specific role in translational control as constituents of the
ribosome. It is also tempting to speculate that heterogeneity in
RP expression profiles may indicate heterogeneity in ribosome
composition. The RP mRNA expression profiling described here
(Figure 7D) will help in directing further characterization of
ribosome composition at the protein level in distinct cell/tissue
types. These studies will be important in clarifying whether
‘‘specialized ribosomes’’ exist at the level of heterogeneity in RP
composition and/or whether distinct RPs confer specialized ribo-
someactivity through transcript-specific translational control. The
latter is illustrated by our current studies in which we identify
a specialized role of RPL38, as a constituent of the ribosome, in
translational control of a subset of Hox mRNAs. Interestingly,
RPs have also been shown to undergo numerous posttransla-
tional modifications including phosphorylation, acetylation,
neddylation, and methylation (Chow et al., 2007). Although the
function(s) of these modifications remain poorly understood,
they could act to further refine specialized ribosome functions.
Heterogeneity in RP expression levels and translational spec-
ificity may also explain, at least in part, the unexpectedly tissue-
specific phenotypes associated with RP loss of function
observed in Arabidopsis (Byrne, 2009), zebrafish (Uechi et al.,
2006), mouse (Anderson et al., 2007; Kirn-Safran et al., 2007;
Oristian et al., 2009; Panic et al., 2006), and humans (Lipton
and Ellis, 2010). For example, accumulating evidence linksmuta-
tions in a number of RPs to congenital birth defects, including
Diamond–Blackfan anemia (DBA) (Lipton and Ellis, 2010). Inter-
estingly, in addition to anemia, DBA patients display specific
birth defects including limb defects, cleft palate, growth failure,
and a predisposition to cancer.
In the context of the present study, we have mechanistically
traced the tissue-patterning defects observed in Ts/+ embryos
to a specific role of RPL38 in translational control of a subset
of Hox genes. Global protein synthesis is not perturbed by loss
of RPL38 function within the neural tube and somites of Ts/+
embryos, where defects in translation control of a subset of
Hox genes are observed (Figure 3A and Figures S3G and
S3H). The specialized role for RPL38 in translational control is
further supported by the direct comparison of Ts/+ phenotypes
with additional RP deficiencies in the mouse that do not result
in the same phenotypes or affect Hox mRNA translation, even
when general rates of protein synthesis are minimally or
profoundly decreased (Figure 4P and Figure S4D). At the molec-
ular level we have shown that RPL38 acts to facilitate 80S
complex formation during the earliest steps in translation initia-
tion on selective Hox mRNAs while part of the ribosome
(Figure 6). In the future it will be important to determine whether
unique elements in target 50 or 30 UTRs may be recognized by
RPL38 either directly or through RNA-binding protein intermedi-
aries and serve as regulatory modules to assemble initiationbryos and subsequent western blot analysis with representative small and large
somes. (G) Upon puromycin (Puro) treatment that specifically releases nascent
found associated with the 60S and is localized to the same fractionations as
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Figure 7. Ribosomal Protein Expression during Organogenesis
(A–C) RPL38 in situ hybridization on tissue sections at E11.5. (A) Rpl38 expression in the developing mouse face. Enriched RPL38 expression is observed in the
medial nasal process (mns), mandibular component of the first branchial arch (mc), cerebellar plate (cp), diencephalon (di), and midbrain (mb). Insert is from
a more lateral serial section of the eye from the head region showing that RPL38 expression is enriched in the neural retina (nr). Third ventricle (ven); lens vesicle
(lv). (B) Sagittal section showing markedly enriched RPL38 expression in all A-P somite derivates (black arrowhead). The upper and lower panels are repre-
sentative serial sections of the same embryo at more anterior (a) and posterior (p) positions. (C) Transverse tissue section of the neural tube (outlined in a dotted
line) at the brachial level. To the right is a serial section stainedwith aHOXA5 antibody. The overlay ofRPL38 andHOXA5 expression is shown in the bottom panel,
where strong overlap is observed in motor neurons within the lateral motor column (LMC).
(D) Heatmap diagram displaying the hierarchical clustering of the expression of 72 ribosomal proteins. The columns in the diagram are separated by tissue and
primary cell type; each row is a ribosomal protein, large (l) or small (s) subunit. The color bar at the top indicates the color-coding of gene expression from +4 to4
in log2 space.
(E) Proposed model of RP specificity in control of gene expression during embryogenesis. The enriched expression of specific ribosomal proteins (RPs) in
different tissues may confer translational specificity to distinct classes of mRNAs (a, b, c). Brain (green), limbs (yellow), somites (blue).
See also Table S3.complexes. Interestingly, both the Antennapedia and
Ultrabithorax homeotic genes in Drosophila are translationally
controlled through unique regulatory elements positioned in
the 50 UTRs of these mRNAs that promote spatially and tempo-394 Cell 145, 383–397, April 29, 2011 ª2011 Elsevier Inc.rally restricted patterns of Hox protein expression during
development (Oh et al., 1992; Ye et al., 1997). Many RPs are
positioned on the surface of eukaryotic ribosomal subunits,
and it is tempting to speculate that they may make contacts
with important regulatory regions of specific mRNAs to exert
more specialized functions in translational control (Mauro and
Edelman, 2007). For example, RPS25 may make specific
contacts with IRES-elements present in viral mRNAs to facilitate
translation initiation (Landry et al., 2009; Nishiyama et al., 2007).
Interestingly, RPL38 is a eukaryotic-specific RP. Very recent
eukaryotic 80S cryo-EM studies have localized RPL38 on the
surface of the ribosome near a region of rRNA, known as expan-
sion segment 27 (ES27), that is a dramatically extended, highly
mobile rRNA element that has undergone tremendous evolu-
tionary change (Armache et al., 2010a, 2010b). ES27 is not
present in prokaryotic ribosomes, it is 100 nucleotides in yeast,
and it is extended by 700 nucleotides in mammals with
a hitherto unknown function (Hassouna et al., 1984). Moreover,
this region of the ribosome is highly dynamic and undergoes
multiple conformational changes (Armache et al., 2010a,
2010b; Beckmann et al., 2001) that appear to be regulated by
RPL38 (Armache et al., 2010a). These findings suggest that
RPL38 activity may, at least in part, impinge on translational
specificity of subsets of mRNAs by controlling specific confor-
mational changes in the ribosome.
The ‘‘RNA World model’’ has stipulated that ancestral proto-
ribosomes may have contained only RNA in their structures
(Agmon, 2009). In keeping with this model, our results suggest
that RPs may have conferred greater specificity to the RNA-
based translational machinery in control of gene expression
(Figure 7E). Therefore, ribosome-mediated translational speci-
ficity may add an important layer of regulation to the control of
gene expression and mammalian development.
EXPERIMENTAL PROCEDURES
Mice
The TSJ/Le-Ts/+ and Rpl24BST/+ strains were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). The TSJ/Le-Ts/+ strain was backcrossed
onto a pure C57BL6 background to generate the C57BL6-Ts/+ strain used
in this study. BALB/c-Tss/+ mice originated and were maintained in the Abur-
abi Laboratories, Shionogi & Co., Ltd. in Koka Shiga, Japan. The Rbtmutation
was found at the Pasteur Institute in Paris in the laboratory of Dr. Jean-Louis
Guenet. Mice used in this study were obtained by in vitro fertilization using
frozen sperm of the Rbt mutant stock provided by GSF Research Center in
Neuherberg, Germany and C57BL/6J oocytes. Rpl29+/ mice were obtained
from Dr. Catherine Kirn-Safran (University of Delaware), and Rps19DSK3/+
and Rps20DSK4/+ mice from Dr. Greg Barsh (Stanford).
Construction of a Physical Map and Generation
of pCAGGS-Rpl38 Mice
Mouse YAC and BAC libraries and clones were purchased from Research
Genetics (Alabama, USA). YACs containing markers linked to the Ts locus
were identified from the database at the Whitehead Institute/MIT Center for
Genome Research. YAC-end DNA fragments were subcloned using inverse-
PCR methods, and the end-sequences were used to synthesize oligonucleo-
tide primers for further screening of the 129/SvJ BAC library. End sequences of
BAC inserts were determined by direct sequencing. To generate pCAGGS-
Rpl38 mice, cDNA of the Rpl38 gene without 50 and 30 UTR sequences was
inserted into the pCAGGS expression vector that consists of CMV-IE
enhancer, Chicken b-actin promoter, and Rabbit b-globin poly(A) signal. Addi-
tional methods are described in Extended Experimental Procedures.
Dissection of Somites and Neural Tube
Wild-type and Ts/+ embryos were staged precisely by counting the number of
somites. Embryos at somite stage 40 (E11.0) were employed for the majorityof studies. All dissections were performed in media (DMEM F12 1:1, 10% FBS,
and 1% penn-strep) in a Sylgard dissection dish (Sylgard 184 Silicone Elas-
tomer Kit; Dow Corning). Additional methods are described in Extended
Experimental Procedures.
Polysome Fractionation and RNA/Protein Isolation
For each polysome set, somites and neural tube from three WT and three Ts/+
40 somite stage embryos were employed (see Dissection of Somites and
Neural Tube). A minimum of four polysome sets (n = 4) per genotype was
used for polysome profiling analysis (see Figure 4). In brief, cellular extracts
were centrifuged at 10,000 rpm for 5 min at 4C and the supernatant was care-
fully isolated and loaded onto 10%–50% sucrose gradients containing 0.1 mg/
ml heparin and 2 mM DTT and centrifuged at 37,000 rpm for 2.5 hr at 4C
(SW40 rotor). The sucrose gradient was subsequently fractionated with
a gradient fractionation system (ISCO) connected to a UV detector to monitor
absorbance at 252 nm. As small embryonic tissue fragments were employed,
a limiting factor was the analog output of absorbance that fell below the range
that could be accurately recorded with a chart recorder. We therefore em-
ployed a digital voltmeter that was attached to the spectrometer to digitally
record the full range of data as that enabled better resolution of the polysome
profile. RNA was isolated from polysomal fractions using the PureLink RNA
Mini Kit (Invitrogen). Additional methods are described in Extended Experi-
mental Procedures.
Ribosomal Protein Expression Profiling
The following mouse tissues—lung, limb, liver, heart, kidney, pancreas,
somites, eye, spleen, stomach, and thymus—were microdissected from WT
embryos at E11.5. The pancreas was dissected from WT embryos at E13.5.
All dissections were performed in media (DMEM F12 1:1, 10% FBS, and 1%
penn-strep) in a Sylgard dissection dish (Sylgard 184 Silicone Elastomer Kit;
Dow Corning). The clustering of ribosomal protein expression in different
embryonic tissues was generated and visualized using Cluster 3.0 and Java
TreeView software. Additional methods are described in Extended Experi-
mental Procedures.
Ribosome Fractionation
Ribosome and nonribosomal fractions were collected essentially as described
(Mazumder et al., 2003). Additional methods are described in Extended Exper-
imental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six
figures, and three tables and can be found with this article online at doi:10.
1016/j.cell.2011.03.028.
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